Abstract This paper focuses on the effect that an everyday cold temperature (5°C) can have on older adults' (?65 years) dexterous capabilities and the implications for design. Fine finger capability, power and pinch grip were measured using objective performance measures. Ability to perform tasks using a mobile phone, stylus, touch screen and garden secateurs were also measured. All measures were performed in a climatic cold chamber regulated at 5°C and in a thermo-neutral environment regulated between 19°C and 24°C. Participants were exposed to the cold for a maximum of 40 min. Results from the study showed that older adults' fine finger dexterity, ability to pick up and place objects and ability to use a mobile phone were significantly (p \ 0.05) affected by an everyday cold temperature of 5°C when compared to performance in the thermo-neutral environment. However, power and pinch grip strength and ability to use the gardening secateurs were not significantly affected by the cold. Based on these findings, the following guidance is offered to designers developing products that are likely to be used outside in an everyday cold environment: (1) minimise the number of product interactions that require precise fine finger movements; (2) try to avoid small controls that have to be pressed in a sequence; (3) maximise the number of product interactions that can be operated through either exerting a gripping action (power or pinch grip) or by gross hand and arm movements.
Introduction
Capability is one of the fundamental attributes a person needs in order to access and use everyday products. The underlying principle is that products have a combination of characteristics that place demands on the user's capabilities. If the demand for using the product is greater than the user's capabilities (i.e. what they are functionally able to do), ultimately this will result in their exclusion from product use [1] . The need to consider users' capabilities when designing has dramatically increased over the past decade due to the ageing population. Generally, with increasing age comes the loss of ability to interact with everyday products [2] .
Inclusive design is a philosophy that aims to consider this reduced functional capability during the design process, with the aim of making products functionally accessible and usable to as many people as reasonably possible [3] . Two inclusive design tools have been developed over the past 10 years in order to help designers better understand and consider the reduced functional capabilities of the ageing and disabled population: HADRIAN (Human Anthropometric Data Requirements Investigation and Analysis) [4] and the Inclusive Design Toolkit [5] . Whilst such capability tools are a big step forward, they fail to consider capability in real-life environments [6] . In particular, the tools do not consider the impact of the physical environment (external surroundings/conditions) on users' capabilities. To date, a number of studies have reported significant reductions in functional capability due to factors associated with the physical environment. Elton and Nicolle [7] reported how older adults' visual acuity is affected by everyday lighting levels; Riley and Cochran [8] reported how younger adults' dexterous ability decreases through reduced ambient temperature; Baker and Mansfield [9] reported decrements in dexterity when exposed to vibration.
The question arising is whether such capability data are necessary to design inclusive everyday products. The short answer is yes. Today's baby boomer generation promises to be different from previous elder generations-they have great expectations from design and technology. In particular, wireless information and communication technologies have become part of the fabric of their everyday life [10] . These advancements have allowed for the use of more everyday products when out of a controlled home environment. For example, there is no restriction as to where mobile phones, mp3 players, digital cameras, PDAs, satellite navigation systems, signature recording devices, etc., can be used. Also, moving towards a 24 h society, there are no limits to when products will be used. It is not just technological devices that are used whilst out of the home environment; products such as flasks, keys, drinks bottles, maps, door handles, bus timetables, gardening products, packaging, etc., are also used in a wide range of different environments. Failure to consider the capabilities of users in everyday environmental conditions could result in products excluding or causing difficulties to those intended to be included. Thus, if a mismatch between context and a product occurs, it is unlikely that the (inclusive) benefits of a product will be realised [11] .
Prior to conducting experimental investigations, there is firstly a need to establish what type of real-life capability data and contexts are of greatest significance to inclusive product design. In particular, there is a need to establish what capabilities are common to the majority of product interactions and which environmental conditions are most likely to affect such capabilities.
Capabilities and context

Product interaction capabilities
When interacting with a product, demand will typically be made on up to six user capabilities [5, 12] . These capability categories have been identified as:
• Vision The demand placed on each capability is dependent upon the characteristics of the product being used and the task being accomplished. However, the vast majority of product interactions make demands on the visual and dexterous (arm, hand and finger) capabilities of the user [6] . Whilst other capabilities are also used, these are the most common. Previous research investigated the effect of everyday lighting levels on visual capabilities [7] . This paper will specifically focus on the impact of the physical environment on dexterity.
Identification of relevant physical environmental characteristics
The physical environment refers to the external surroundings or conditions, comprising ambient illumination levels, atmospheric conditions, temperature, auditory conditions, vibration and the built environment [13] . In relation to dexterity, both vibration and cold temperatures have been identified as having an effect [5, 8, 9] . Whilst both of these factors are experienced when interacting with products, it is cold temperatures which are experienced for long durations (annually for up to 3-4 months). With a large number of products being used both inside and outside the home, cold temperature becomes an environmental factor relevant to a large number of product interactions. This paper will focus on the effect that everyday cold temperatures have on dexterity and the related implications for design.
Dexterity
Dexterity refers to the ability to use one's hands [14] or the ability to manipulate objects with the hands [15] . Heus et al. [16, P5] define dexterity as 'a motor skill that is determined by the range of motion of arm, hand and fingers and the possibility to manipulate with hand and fingers'.
Dexterity comprises both gross and fine finger dexterity [17] . Fine finger dexterity refers to the ability to manipulate objects with the distal (fingertip) part of the hand. This involves precise movement of the fingers, for example, when using a keypad/pressing buttons/switches, picking up a coin, using a touch screen, inputting a code, etc. Gross dexterity involves less refined and less precise movements of the arm, hand and fingers [17] . The object is usually larger and manipulation requires more gross movements, for example, digging, opening a door, placing a saucepan on the hob, etc. Also, there is the hand function grip strength which is common in most gross and fine finger tasks. Most products require stabilisation with a grasp or a pinch before it can be moved or used [18] . The human hands, therefore, provide the ability to make a wide range of movements, from very fine precise actions to forceful gripping actions over a range of distances.
The human hands are controlled through the articulation at joints performed by muscles originating in the hand (intrinsic muscles) and by muscles originating in the forearm (extrinsic muscles) [19] . Extrinsic muscles control most hand movements [20] . Functioning of the hands is determined by several physiological factors that are described in Table 1 . Both ageing and cold temperatures have been shown to affect these physiological factors.
Effects of ageing and increased pathology on dexterity
The relationship between ageing and dexterity has been widely investigated. It has conclusively been shown that dexterity seems to stay unchanged until the age of 65 years, after which it declines gradually [21] [22] [23] [24] . Losses occur due to the natural ageing process and increased pathology [21, 24] . Morphological changes occur in the hand as a result of ageing; these are described in Table 2 .
In the UK, 40 % of those 'not in good health' are people over the age of 65 [28] . It is apparent that with old age comes the increased prevalence of pathology. Pathological conditions common in older adults that affect dexterity are osteoarthritis, rheumatoid arthritis and Parkinson's disease [21, 28] . Arthritis is the most common long-term condition which affects around nine million people in the UK [29] . The consequences of such a condition include pain, restricted range of motion of the wrist and fingers, and difficulty in performing manual activities that require grip and pinch actions [30] . Thus, as a result of these morphological changes and increased pathology with age, older adults (?65 years) are at a greater disadvantage than younger adults when it comes to performing dexterous actions.
Dexterity in the cold
Dexterity is not just affected by ageing and increased pathology, but also by cold temperatures. There are a few published studies which report the effects of reduced ambient temperature on dexterity. For example, Riley and Cochran [8] found that after less than an hour's exposure to an ambient temperature of 1.7°C, younger adults' (mean age = 24.5 years) fine finger dexterity decreased by an average of 15.7 % when compared with performance at 23.9°C. Schieffer et al. [31] found that the fine finger dexterous capability of South African factory workers decreased by an average of 20 % when exposed to 6°C for 7 h compared with performance at 24°C. Daanen [32] also found that the fine finger dexterous capability of young healthy adults (mean age = 27 years) decreased by 12 % after 25 min exposure to -0°C; however, for this study, participants wore military winter clothing and gloves which were only removed to perform the task. These reductions in dexterous capability can be attributed to the physiological effects of cold temperatures on the human body.
When people are in cold environments, the temperature of their body's extremities (i.e. their hands) reduces initially, caused by cold air coming into contact with the skin. As the skin cools, the blood flow to that area decreases, which results in less heat being dispersed to that part of the body [33] . This then lowers the temperature of the skin on Table 1 Factors that influence dexterity [16] Component of dexterity
Description
Reaction time
The time between a stimulus being presented and the start of motor response
Sensibility
The response of receptors in the skin to tactile, pressure, thermal and pain stimuli
Nerve conduction
The speed at which nerves conduct signals
Grip strength
The force that can be developed by the muscles of the upper and lower arm
Time to exhaustion
The time to when a decrease in force exerted by the muscles occurs
Mobility
The range of motion of the hands and fingers the hands and fingers further. Finger and hand skin temperature have been found to strongly reduce dexterity; reductions in dexterity have been reported at finger skin temperatures of 20°C [16] . Cold also decreases the nerve conduction velocity (i.e. the speed the nerve sends a message from the brain to the muscles that control the hand). Furthermore, it causes the synovial fluid which lubricates the joints to become more viscous, so that movements are slower and require greater muscle power. In summary, dexterity (both gross and fine finger) is significantly reduced due to physiological effects of the cold on the human body [16] .
Older adults tolerate the cold differently to younger adults due to the morphological changes caused through the ageing process [34] . In particular, older adults are less able to maintain core body temperature as a result of reduced cutaneous thermal sensitivity and a slower vasoconstrictor response (i.e. thickening of blood vessels which restricts blood flow to the body's extremities in order to maintain core body temperature) [34] . Heus et al. [16] conducted a review of studies that investigated the effects of reduced core temperature on dexterity; it was concluded that core temperature is of minor importance in maintaining manual dexterity. However, as previously detailed, strength reduces with age (caused through a decrease in muscle mass and muscle fibre length) and increased strength is required to overcome some of the physiological effects of the cold (viscous synovial fluid); thus, it is reasonable to suggest that cold temperatures may have a more pronounced effect on older adults' dexterous ability due to the anatomical and physiological changes which occur through ageing.
Research questions and aim
Previous research findings into the effects of cold on dexterity have appeared to focus on young healthy adults, with a particular focus on either the productivity of workers [8, 31] or the ability of military personnel [32] . Dexterity data on older adults do exist [17, 35] . However, there are no previous studies that detail the effects of everyday cold temperatures on older adults' dexterous capability, and what this means in terms of their ability to interact with everyday products. A number of research questions (RQ) arise as a result of findings from the literature reviewed in this paper. These are:
RQ1 Which forms of dexterity will be affected by everyday cold temperatures and to what extent? RQ2 What will be the effect on product interaction? RQ3 Which dexterity tests are good predictors of product interaction capability?
The overall aim of answering these questions is to produce design guidance that can be used by designers to produce products that are inclusive in everyday environments.
Measuring capability
Capability data can be gathered using a number of different methods, which include self-report, proxy report and performance measures. Johnson et al. [36] reviewed these different methods with a view to determining how capability can best be measured to facilitate inclusive design. In summary, it was concluded that:
1. Self-report can potentially provide access to physiological, environmental, cultural and attitudinal components of capability. However, it can be significantly affected by a number of factors, such as a person's affective state, as well as educational, cultural, language and social differences.
Proxy report methods are beneficial when individuals
have insufficient capability to complete a survey. This method has been shown not to be as accurate as selfreport among older people. 3. Performance methods have been found to be good at assessing functional ability or capacity to perform a particular task. They have been argued to be more reliable, more sensitive to change and more able to accurately measure ability at higher levels. Performance measures are also more likely to reflect physiological aspects of capability.
Based on the review, performance methods appear to be most suited to answering the research questions posed, as they have the advantage of providing direct measures of human response [37] . In particular, such methods have been found to be accurate, reliable and have the ability to reflect physiological changes in capability. To this end, performance measures will, therefore, allow the effects of cold to be quantified reliably, thus allowing RQ1 to be answered.
Dexterity performance measures
The overall aim of this research is to generate dexterity data that can provide guidance to designers on how to produce products that are accessible and usable in everyday environments. Thus, a primary concern of this study is to identify which dexterity tests (performance measures) closely mimic the dexterous capabilities used during the majority of product interactions. Through analysing the types of dexterous demands made by the products detailed in the introduction to this paper (i.e. wireless technological devices and everyday objects), it is possible to identify which dexterity tests will provide the most relevant data.
Nearly all wireless technological devices today require a grasp or pinch action to stabilise them before and during use. However, it is not just technological products that require stabilisation; Flanagan and Johansson [18] found this to be a requirement of most everyday products.
Furthermore, Clarkson et al. [5] found pinch and power grip (grasp) to be two of the most critical functions for product interaction. See Figs. 1 and 2 for illustrations of power and pinch actions in product interactions.
After stabilisation, the majority of wireless technological products also require users to input information using either a set of physical buttons or a touch sensitive screen. This often involves precise movements of the fingers, which is known as fine finger dexterity (see Fig. 3 ). Also, computing and communication devices that require fine manipulation are now embedded in all sorts of everyday devices such as washing machines, televisions, ticket machines and even jewellery [38] .
6 Materials and methods
Objective performance measures
All performance objective measures and real-world tasks were completed twice by the participants in two environments (thermo-neutral 19-24°C and cold 5°C), and then mean averaged. The performance objective measures were all conducted in accordance with the standardised instructions.
Power grip
Power grip is the maximal grip strength (kg) a person can exert with their hand (measured by squeezing together the middle joints of all 4 fingers and the palm). An objective measure of grip strength was obtained from a digital dynamometer (Takei Scientific Instruments-T.K.K.5401 Grip D [Digital Grip Dynamometer]) which has rubberised bars for gripping and a digital read out. The digital display provides accurate readouts that can be recorded precisely and more efficiently than having to read from an analogue display.
Pinch grip
Pinch grip is the maximal force that can be exerted between the index finger and thumb pulps. Just the dominant hand was measured in a standardised posture. The maximum force was measured in kg. Equipment used was the Baseline Hydraulic Pinch Gauge.
Fine finger dexterity: Purdue Pegboard
Yancosek and Howell [39] conducted a review of commercially available dexterity tests. The review focussed on the psychometric properties (reliability and validity of the tests) of fine and gross dexterity tests. Yancosek and Howell [39] concluded that the Purdue Pegboard [40] demonstrated solid psychometric properties and would be the recommended test for measuring fine finger dexterity. The Purdue Pegboard involves a series of 4 subtests which involve placing as many pins as possible into a pegboard with the right hand (R), then the left hand (L) and then both hands (B)-each in a 30-s period. The fourth subtest is a fine finger assembly task-this was not used in this experiment as the level of fine finger manipulation required to complete the task could not be linked to any form of real-world product interaction. The participant's score was calculated in accordance with the standardised method, that is, R ? L ? B = total number of pins [40] .
The Moberg Pick-up test
The Moberg Pick-up test is a functional sensory test of the hand that uses a combination of pinch grip and fine finger dexterity [41] . The test requires participants to pick up a selection of 12 real-world objects from a table and place them in a container as quickly as possible. The test was modified to use a selection of representative everyday items, including a mobile phone SIM card, paperclip, safety pin, AA battery, PDA stylus, match, UK 1p, UK 2p, credit card, key, bolt and wing nut.
Real-world tasks
A range of representative real-world tasks were also used in the experiment. The tasks selected were based on the products identified previously in this paper, that is, wireless information and communication technologies and everyday objects used outside of the home environment. For each task, participants were given one practice go in order to minimise the possible learning effects. The aim of incorporating these types of tasks was to determine the effect of the cold on product interaction, and whether objective empirical performance measures were good predictors of real-world product capability in the cold. The incorporation of these tasks into the experiment allowed for RQ2 and RQ3 to be answered.
Gardening secateurs
The gardening secateurs task required the exertion of a power grip. Participants were asked to cut through increasing thicknesses of wooden dowel (3, 5, 9, 10 and 12 mm diameters) using a pair of garden secateurs (B&Q Deluxe Branch and Thicker Stem Secateurs). The maximum thickness of dowel that they could cut through was recorded.
Mobile phone
The Mobile Phone task required fine finger dexterity. The time taken to enter an eleven digit number, in the style of a UK landline telephone number, into a mobile phone (NOKIA 3210e) was recorded.
Stylus task
The Stylus task required participants to enter an 11 digit equation into a touch screen device (HP iPAQ 114 Classic Handheld) using a stylus. The task requires a pinch grip to stabilise the stylus and fine finger dexterity to manipulate it. This was a timed task that was repeated twice and then mean averaged.
Touch Screen task
The Touch Screen task required participants to enter a short sentence (20 character spaces) using a QWERTY touch screen keypad on an iPod touch. The task required participants to stabilise the product with a power grip and then input the sentence using fine finger dexterity. It was a timed task that was repeated twice and then mean averaged.
Everyday cold temperatures
The coldest outdoor temperatures in the UK are experienced through the winter months (December, January and February). Mean temperature across the country usually varies between -4°C and ?8°C; however, on average, mean temperatures lie around the 4-5°C mark [42] . Also, 5°C is the temperature threshold used by the Met Office to issue a cold weather warning (Goodwin, personal communication, 2009). Based on these national statistics and temperature thresholds, 5°C was the chosen temperature to represent everyday cold environmental conditions in the UK.
Procedure
Dexterity tests and real-world tasks were measured under two climatic conditions:
1. Thermo-neutral 19-24°C (an environment that keeps the body at an optimum point) 2. Cold 5°C.
The thermo-neutral environment acted as the control condition. For the cold environment, a climatic chamber was used to regulate the desired temperature of 5°C. This had the advantage of ensuring consistency in testing conditions and elimination of experimental noise. In order to replicate real-world scenarios as closely as possible, each participant was asked to bring their own winter clothes (suitable for temperatures of 5°C) to wear in the climatic chamber. The only item of winter clothing they did not wear was gloves, as the experiment was concerned with the effect of the cold on the hand/dexterity. Gloves are another variable that are known to influence dexterity. In a study conducted by Havenith and Vrijkotte [43] , it was found that wearing gloves decreased fine finger dexterity by up to 70 % and hand dexterity by up to 40 % in comparison with un-gloved hands. Currently, there are no data that simultaneously details the effects of the cold and gloves on dexterity. However, in relation to this study, measuring the effects of the cold and gloves in one experiment is not practical, that is, participants would have to spend prolonged time in the cold and would have to conduct double the number of tests which could easily result in fatigue, discomfort and significantly increased blood pressure. When in the climatic chamber, participants were asked to sit for 20 min, prior to undertaking the battery of dexterity tests, in order to let their hands cool. In the thermo-neutral environment, participants dressed in their 'normal' clothing for the time of year (summer 2010).
A repeated measures design was chosen to provide the best comparison between the two types of environments. The order of experiencing the two environments and the dexterity tests was varied systematically using a balanced latin square. This counter balancing of the conditions and tests mitigated against any order or carry over effects.
Relevant measures
Skin temperature
Finger and hand skin temperatures were measured during the cold exposure part of the experiment in order to assess older adult's physiological response to the cold. Specifically, these two objective measures were chosen as losses in dexterity in the cold have been shown to have a closedependent relationship with hand and finger skin temperatures [16, 44] . For example, Hellstrom [45] reported a loss in finger dexterity at a finger skin temperature of 20°C and a significant reduction in dexterity when hand temperatures reach 15°C.
Skin temperatures were monitored on the palm side of the hand on the middle phalanx of the index finger and on the centre of the back of the hand. The measures were recorded at 10-s intervals into a data logger (Squirrel. Grant, UK).
Environmental measures
Air temperature was monitored in both the neutral and cold environments to ensure consistent environmental parameters for all participants. Air temperature was recorded into a data logger (Squirrel. Grant, UK) every 60 s. Other environmental parameters such as humidity were kept within an optimum range (40-50 %), and air velocity was negligible (*0 ms -1 ). This helped to ensure the validity of the experimental findings, that is, whether reducing the ambient air temperature to 5°C causes a decrease in older adults' dexterity.
Sample
Since there is a lack of specific information on the prevalence of dexterity disorders affecting older adults (?65 years) in the UK, it was not possible to recruit a random proportionate sample. However, as previously detailed, arthritis is the most common condition affecting dexterity, with approximately nine million sufferers in the UK [29] . Unfortunately, up-to-date prevalence figures for older adults (?65 years) suffering from arthritis are not available. Thus, the prevalence statistic that 'arthritis affects 1 in 5 adults in the UK' (i.e. 20 %) [46] was used to ensure that the sample consisted of approximately the correct proportion of arthritis sufferers in relation to the UK population. A purposive sampling strategy was used to recruit a highly variant sample of users with mixed dexterous abilities. A total of 31 participants (11 male/20 female) aged between 65 and 81 years (mean age = 70) completed the study. A total of 6 participants (20 % of the sample) had arthritis. A minimum age criterion for the sample was set at 65 years, as significant reductions in hand functions are seen after this age [22] . It is these users who are already working to the limits of their ability; therefore, any reduction in capability due to context could result in their being excluded from using everyday products.
Ethical consideration
Ethical clearance for the study was obtained from Loughborough University's Ethical Advisory Committee (Ref No: R09-P60). All participants answered a health screening questionnaire to ensure they had no conditions that could be adversely affected by the cold. They received a participant information pack that contained full details of the study prior to their arrival. During the study, blood pressure and finger skin temperature were monitored during cold exposure to ensure they did not exceed safe levels based on expert and medical advice (i.e. blood pressure no higher than 100/180mmHG and skin temperatures B12°C).
Results
Prior to analysis, all data were checked for errors and outliers. The simple and relatively effective rule of z = 3 was used to identify potential outliers in the data [47] . Only one outlier was identified and removed (n = 30). The type of data gathered for the Purdue Pegboard (number of pins), Fig. 4 . Air temperature was also monitored in the neutral and cold environments. In the neutral environment, mean air temperature was 21.5°C (SD = 0.75), and in the cold environment, it was 5°C (SD = 0.25).
Statistical analysis
Paired sample t-tests were used on the parametric data sets to establish whether there were any significant differences in dexterous performance between the two thermal environments. The Wilcoxon signed ranks test was used to analyse the secateurs data. In particular, these methods were considered suitable as the dependent variable(s) was repeated across the participants in two different conditions. The one-tailed significance values have been quoted in the results, as evidence from previous studies reviewed shows a reduction in dexterity due to the cold (see Sect. 3.2 dexterity in the cold).
Performance results
The average performance scores for all dexterity measures in both the neutral and cold environments are detailed in Table 3 , along with the 95 % confidence interval of the difference.
For certain dexterity measures, a decrease in score represents a reduction in performance (power grip, pinch grip, Purdue Pegboard and secateurs measures). For the timed measures (Moberg Pick-up test, mobile phone, stylus and touch screen), the opposite is true: an increase in score or a positive value represents a decrease in performance and vice versa for negative values. Thus, by plotting decrements in performance on a graph, it is possible to compare performance across tasks on one scale, that is, % change in performance (see Fig. 5 ).
A reduction in mean dexterous performance was observed with Power Grip (-2.5 %), Pinch Grip (-5 %), Purdue Pegboard (-8 %), Moberg Pick-up test (-9 %) and the Mobile Phone task (-6 %). A very slight reduction in Touch Screen task performance was observed (-0.5 %). However, average performance with the secateurs (0 %) did not alter, nor did performance on the Stylus task (0 %).
Paired t-tests and a Wilcoxon signed ranks test were used to determine whether any of these differences were statistically significant. The results from this analysis are detailed in Tables 4 and 5 .
Results from the paired t-test analysis revealed that the cold environment had a significant (p \ 0.05) effect on performance with the Purdue Pegboard, Moberg Pick-up test and the Mobile Phone task. However, the results also showed that the cold environment did not significantly (p [ 0.05) affect dexterous performance on either of the grip strength tests (power and pinch), even though a mean decrease in performance was observed with both tests. Also, the cold did not significantly affect performance with the real-world gripping task (Secateurs) either. Furthermore, performance on the Stylus and Touch Screen task was not significantly affected by the cold (p [ 0.05).
Correlations between empirical tests and real-world tasks
Correlation coefficients were calculated to determine whether the empirical dexterity tests used were good predictors of a person's dexterous capability to use realworld products in both thermo-neutral and cold environments. For the parametric data sets, Pearson's correlation coefficients (r) were used to calculate the strength of the relationships, and Spearman's rho correlation coefficients (r s ) were calculated for the comparisons with the nonparametric data (secateurs). For the gripping tasks (Power Grip, Pinch Grip and Secateurs task), only the thermo-neutral environment data were analysed, as results showed there to be no significant changes in performance as a result of the cold. The results from correlations analysis are detailed in Tables 6, 7 and 8. Prior to the analysis, all data were checked for outliers using scatter plots. Outliers were identified as points which were very high, very low or away from the main cluster of points [50] .
For the purposes of this research, guidelines detailed by Cohen [49] have been used to interpret the correlation/ relationship values resulting from this analysis. Cohen [49] suggests r = 0.1-0.29 as a small relationship, r = 0.3-0.49 as a medium relationship, and r = 0.5-1.0 as a large/ strong relationship.
Results from Pearson's correlations in the thermo-neutral environment showed that:
• A large/strong (negative, r = -0.5) relationship exists between the Purdue Pegboard and Mobile Phone-the correlation was significant (p \ 0.05); Results from the Spearman's rho correlations indicated a large/strong relationship between both Power and Pinch Grip and the Secateurs task (r = 0.7 and r = 0.8, respectively). Both of these correlations were significant (p \ 0.05).
Finally, the Pearson's correlation coefficients for the cold environment showed that:
• A large/strong (negative, r = -0.5) relationship exists between the Purdue Pegboard and the Touch Screen task-the correlation was significant (p \ 0.05); The coefficient of determination values will be discussed under RQ3 in the next section of this paper.
Discussion
The purpose of this study was to answer the three research questions posed; each will be discussed in turn. This experiment focused on three forms of dexterity, which were power grip, pinch grip and fine finger dexterity. As mentioned in the literature review, these forms of dexterity are continuously required to use the majority of wireless information and communication technologies and everyday objects used outside of the home environment. In this study, fine finger dexterity, as measured by the Purdue Pegboard, was found to be significantly affected (p = 0.00) by the cold. The eta-squared statistic (0.45) indicated the The effect size criteria given by Cohen [49] for parametric statistics of 0.01 = small effect, 0.06 = moderate effect and 0.14 = large effect have been used Table 5 Significance results for nonparametric dexterity measure Dexterity measure (Neutral -cold)
The effect size criteria given by Cohen [49] for nonparametric statistics of 0.1 = small effect, 0.3 = medium effect and 0.5 = large effect have been used Table 6 Pearson's (r) correlations between dexterity tests and realworld tasks in the thermo-neutral environment
Mobile phone Stylus Touch screen cold had a large effect on this type of dexterity. On average, performance on the Purdue Pegboard decreased by 8 %. The results in this study indicate (95 % confidence) that older adults' fine finger dexterity will reduce between 4.5 and 11 % when exposed to everyday cold temperatures (5°C) for periods of approximately 40 min. Also, results showed a significant (p \ 0.05) reduction in performance on the Moberg Pick-up test, which requires a combination of both fine finger dexterity and pinch grip. The eta-squared statistic (0.38) again indicated that the cold had a large effect on this combination of dexterous capabilities. On average, performance on the Moberg Pick-up test decreased by 9 %, which is of a similar magnitude to performance on the Purdue Pegboard. The results in this study indicate (95 % confidence) that older adults' capability to carry out tasks which require a combination of fine finger dexterity and pinch grip will reduce between 5 and 13 % when exposed to everyday cold temperatures (5°C) for periods of approximately 40 min. These findings support previous research in terms of the magnitude that fine finger dexterity decreases as a result of the cold. For example, the current study found that fine finger dexterity decreased, on average, by 8-9 %, when exposed to a cold temperature (5°C). Daanen [32] found it decreased by 12 %, Riley and Cochran [8] found it decreased by 15.7 %, and Schieffer et al. [31] found it decreased by an average of 20 % when exposed to cold conditions. The findings from these past studies are based on young healthy adults, and the decrements reported in all of these studies are slightly higher than those reported here. However, it is not possible to make direct comparisons to such studies in order to determine whether older people are at a greater or lesser disadvantage in the cold. The reason for this is that a vast number differences in study parameters exist, which include exposure time, temperature level and clothing worn. For example, in the Riley and Cochran [8] study, participants wore fewer clothes (i.e. jeans, a long sleeved shirt, socks, shoes and normal undergarments) and were exposed to a lower temperature (1.7°C) for around 15 min longer. All these parameters are known to have an impact on the human body's physiological reaction/response to the cold, which in turn affects dexterity.
Past studies [16, 44, 45] have attributed the loss of fine finger dexterity to reductions in hand and finger skin temperatures. Both Heus et al. [16] and Hellstrom [45] reported decrements in fine finger dexterity at a FST of 20°C and at a HST of 15°C. Results from this study indicate that reductions in older adults' fine finger dexterity can occur at a FST of 25.1°C and a HST of 27°C. Both values are considerably higher than those found in the previous studies. It can thus be hypothesised that decrements in older adults' fine finger dexterity can occur at much higher finger and hand skin temperatures than in younger adults. This may be due to the morphological effects of ageing. In particular, reduced strength due to age (caused through a decrease in muscle mass and muscle fibre length) may mean that overcoming the effects of viscous synovial fluid in the joints is a lot harder; thus, decreases in fine finger dexterity occur at higher skin temperatures. Decrements in older adult's fine finger capability may occur at an even higher skin temperature than those reported in this study; however, due to the experimental protocol adopted (i.e. 20 min cooling time prior to conducting the dexterity tests), it was not possible to gather this data.
For the power and pinch grip strength tests, slight decrements in performance were observed, 2.5 and 5 %, respectively. Surprisingly, the paired t-tests revealed these were not significant (p [ 0.05), even though the etasquared statistics (0.1 and 0.12) indicated the cold had a moderate effect on test performances. A possible explanation for this is that participants were dressed warmly in their winter clothes, leaving only their hands exposed to the cold. Grip strength, both power and pinch, is controlled by the extrinsic hand muscles in the forearm, which in this study were kept warm by the clothing insulation, thus not exposed to the cold temperature and its physiological effects. These findings are consistent with Daanen [32] , who investigated the effect of freezing temperatures on the grip strength of 12 healthy males (mean age 27 years) from the Royal Netherlands Air Force. The participants wore standard winter clothing and gloves and were exposed to -10°C for 30 min; only a 3 % reduction in maximal grip strength was recorded. Again, extrinsic hand muscles in the forearm were kept warm by clothing. A number of studies [51, 52] have investigated the effect of cooling the extrinsic forearm muscles on the grip strength of young healthy adults (18-24 years) . Cooling of the muscles was achieved through immersing the participant's hand and forearm in cold water. Vincent and Tipton [51] exposed participants to a series of five intermittent 2-min cold water (5°C) immersions. They found grip strength decreased significantly (p \ 0.01) by 16 % following the immersions. Holewijn and Heus [52] investigated the effects 30 min forearm cooling (15°C) and warming (40°C) had on maximal gripping force. Results from the study showed that in contrast to warming, cooling resulted in a significant (p \ 0.05) decrease of 20 % maximal gripping force. Based on the current study findings, and in addition to previous research, it would appear that grip strength can remain unaffected by cold temperatures, providing extrinsic hand muscles in the forearm can be kept warm by clothing or other means.
RQ 2:
What will be the effect on product interaction?
A total of four representative real-world tasks were used in this experiment. These were:
1. Secateurs-using gardening secateurs to cut through varying thicknesses of dowel; 2. Mobile Phone-entering an 11 digit number into a mobile phone; 3. Stylus-entering an 11 digit equation into a touch screen device using a stylus; 4. Touch Screen-entering a 20 character sentence into a touch screen device using their fingers.
The gardening secateurs was a real-world task that required the exertion of a power grip. Results from the analysis showed that there was no change in average performance (Md = 2) between the two environments. Obviously, there was no significant (p [ 0.05) difference in performance between the neutral and cold environments. The eta-squared statistic (0.27) indicated that the cold had a small effect on task performance. It is interesting to note that in both the performance measure and the real-world task, power grip was not affected by the cold. Again, results would suggest that on a typical winter's day, clothing worn by older adults is sufficient to prevent everyday cold temperatures having a physiological effect on the extrinsic muscles in the forearm.
Entering an 11 digit number into a mobile phone was a representative real-world task that required fine finger dexterity. Results from this analysis were consistent with the fine finger performance measures. In particular, performance when completing the task decreased by an average of 6 %, which was significant (p \ 0.05). The etasquared statistic (0.15) showed that the cold had a large effect on performance. Surprisingly, a significant difference in performance on the Touch Screen task (p [ 0.05) was not found. The dexterous actions required to complete the task are more or less the same as that required to complete the Mobile Phone task, that is, gripping the product with one hand and using a finger or thumb to input the information with the other. This result may be explained by the unfamiliar nature of the task, which required participants to use a QWERTY keypad on touch screen. Not only was this unfamiliar to most participants, but they were also required to adopt a 'hunt and peck', or 'thumbing' (using one or both thumbs) method to input the text. A number of participants commented that this was unfamiliar and, therefore, had to find each key by sight as opposed to by touch. Taken together, it would appear that potential learning effects (even after a practice) and cognitive processing (searching for letters) required to complete the task meant other factors apart from the cold contributed toward task performance.
The final real-world task was the Stylus task, which required participants to enter an 11 digit equation into a touch screen device using a stylus. The result from this task showed that there was not a significant difference (p [ 0.05) in performance, and the eta-squared statistic (0.00) showed the cold had a small effect. This can possibly be explained by the input method adopted by the participants; the stylus, held using a pinch grip, was manoeuvred using more gross movements which involved the arm and wrist as opposed to the stylus being manipulated with fingertips. Thus, such movements are controlled by extrinsic hand muscles in the forearm, which are kept warm due to the clothing being worn.
8.3 RQ3: Which dexterity tests are good predictors of product interaction capability?
Correlations were conducted on the data to determine the strength of the relationship between empirical tests and product interaction capability. More specifically, the focus was to determine whether empirical test measures with good psychometric properties can accurately predict older adults' dexterous ability to interact with wireless technological devices in everyday environments.
The results from the correlations have provided a mixture of findings from large/strong significant (p \ 0.05) relationships to small nonsignificant (p [ 0.05) ones. The strongest relationships were found between Power and Pinch Grip tests and the Secateurs task (r = 0.7 and r = 0.8, respectively); both of the correlations were significant. Also, the coefficient of determination indicates power grip shares 49 % variance with the Secateurs task, and pinch grip shares even more variance at 64 %. These results indicate that empirical power and pinch grip measures are good predictors, in both thermo-neutral (19-24°C) and cold (5°C) environments, of product interaction capabilities that require the exertion of a power gripping action.
Results from Pearson's correlations also showed further large/strong relationships. These were between the Purdue Pegboard and the Mobile Phone task in the thermo-neutral environment (r = -0.5), and between the Purdue Pegboard and Touch Screen task (r = -0.5) in the cold environment. The coefficient of determination value indicates that the Purdue Pegboard can account for 25 % of the variance with both the Mobile Phone task in the thermoneutral environment and the Touch Screen task in the cold environment; both of these correlations were significant. Thus, these findings suggest that:
• In a thermo-neutral environment (19-24°C), the Purdue Pegboard is a good predictor of an older adult's ability to input information (numbers) into a keypad on a mobile phone; • In a cold environment (5°C), the Purdue Pegboard is a good predictor of an older adult's ability to input information (characters) into a touch screen.
Further findings from the Pearson's correlations showed that there were a total of five medium strength (r = 0.3-0.49) correlations between:
• Purdue Pegboard-Touch Screen (r = -0.4) thermoneutral env.
• Moberg Pick-up test-Mobile Phone (r = 0.3) thermoneutral env.
• Moberg Pick-up test-Touch Screen (r = 0.4) thermoneutral env.
• Purdue Pegboard-Mobile Phone (r = -0.4) cold env.
• Purdue Pegboard-Stylus task (r = -0.3) cold env.
Whilst these correlation results are encouraging, they need to be interpreted with caution, as only the Purdue Pegboard and mobile phone correlation in the cold environment was significant (p \ 0.05); thus, others may be a result of coincidence. Coefficient of determination results from the Purdue Pegboard and mobile phone correlation show that the Purdue Pegboard can account for 16 % of the variance in the Mobile Phone task in the cold. Furthermore, the results from the correlation analysis show that there is a significant correlation between the Purdue Pegboard and the Mobile Phone task in both the thermo-neutral and cold environment. However, the strength of the relationship does decrease slightly in the cold compared to the thermo-neutral environment (i.e. from -0.5 to -0.4).
Surprisingly, one unanticipated outcome emerging from this set of results is the lack of consistency in the strength of the correlations between the two conditions. In particular, out of the 12 Pearson's correlations conducted, only one correlation is the same strength in both conditions, that is, the Moberg Pick-up test and Stylus (small, r = 0.2). All other correlations vary in strength, for example, the Purdue Pegboard and Touch Screen correlation is of medium strength in the thermo-neutral environment, but in the cold environment this increases to a large/strong relationship. Unfortunately, there is also no consistency in the direction that these relationships change between conditions, thus indicating that certain empirical measures may be good predictors of a certain type of product interaction capability in one type of environment but not another.
Conclusions
This paper has focussed on the effect that an everyday cold temperature (5°C) can have on older adults' (?65 years) dexterous capabilities and the implications for design. A total of three types of dexterity were investigated: fine finger, power grip and pinch grip. These were chosen as the majority of wireless information/communication technologies and everyday products continuously require such actions to be used. This study has found that when older adults (?65 years) are exposed to 5°C for periods between 20 and 40 min, their:
• Fine finger capability will reduce between 4.5 and 11 %, • Ability to pick up and place/manipulate small objects such as keys, nuts, money, batteries, SIM cards, bank cards, etc., will reduce by 5-13 %, • Power and pinch grip strength will not be affectedthis can possibly be explained by the fact that such actions are controlled by the extrinsic hand muscles in the forearm, which are kept warm by the clothing insulation.
• Ability to input information (numbers) into a keypad on a mobile phone (that has physical buttons) will reduce by 0.5-12 %, • Ability to use a touch screen and stylus will not be affected; however, these results need to be interpreted with caution as a number of extraneous variables were identified as possibly contributing to task performance.
It is important to conclude with the point that no participants were unable to complete the specified tasks in the cold; thus, it is unlikely that exposure to 5°C for between 20 and 40 min lead to older adults becoming excluded from using such products/completing such tasks. However, the tasks completed by participants in this experiment were relatively short in duration, that is, less than 1 min. Further research in this field could explore task duration in the cold, and whether this could lead to product exclusion.
In this study, the aim was to produce design guidance that can be used by designers to develop products that are inclusive in everyday environments. Based on the findings of this study, the following guidance would be offered for products used outside in an everyday cold environment:
• Minimise the number of product interactions that require precise fine finger movements; • Try to avoid small controls that have to be pressed in a sequence; • Maximise the number of product interactions that can be operated through either exerting a gripping action (power or pinch grip) or by gross hand and arm movements.
The next stage of this research is to incorporate this guidance into a tool that can be used to inform and guide designers for the development of inclusive products for everyday environments.
